, primed vesicles then rapidly move synaptic vesicles are attached to both faces of a ribbon down the ribbons to the active zone for fusion. As a by short filaments and reach the active zone at the botresult, the rate of release at ribbon synapses can be finetom edge of the ribbon. Active zones of ribbon synapses, tuned over a wide range, indicating that ribbon synapses similar to those of conventional synapses, contain evolved to allow fast graded transmission at specialized docked vesicles ready for exocytosis but are longer than sensory synapses (Juusola et al., 1996). The sensory those of conventional synapses. Classic ribbon synsystems involved, vision and hearing, require the highest apses are found only in vertebrates, where they are best rate of information transfer and the finest sensory discharacterized in sensory synapses with extraordinary crimination, highlighting the importance of ribbon synapses for the normal function of the vertebrate brain. Detailed studies of the distribution of various presyn- § To whom correspondence should be addressed (e-mail: tsudho@ mednet.swmed.edu).
they generally contain the same proteins as conventoskeletal structure with a lamellar organization (Sterling, 1998). However, no cytoskeletal protein has been tional synapses (Ullrich and Sü dhof, 1994; Brandstä tter et al., 1996a, 1996b; von Kriegstein et al., 1999). Only localized to ribbons, nor do they have the typical filaments that are characteristic of various types of cyminor differences were observed, such as the use of syntaxin 3 instead of syntaxin 1 for fusion (Morgans et toskeleton. Only one protein has been localized to ribbons, the presynaptic active zone protein RIM, which al., 1996) and of L-type Ca 2ϩ channels instead of N-, P/Q-, or R-type channels for Ca 2ϩ influx (Heidelberger interacts with the vesicle protein rab3 as a function of GTP (Wang et al., 1997) . In addition, the kinesin motor and Matthews, 1992; Nachman-Clewner et al., 1999). Furthermore, rabphilin and synapsins are absent from protein KIF3A is associated with ribbons as well as other organelles in the presynaptic nerve terminal (Muresan ribbon synapses in some but not all species (Mandell et al., 1990; von Kriegstein et al., 1999). However, the et al., 1999). The localization of RIM to ribbons appears to be rather specific since other active zone proteins absence of rabphilin is unlikely to be functionally important, since a knockout of rabphilin has no measurable such as bassoon and munc13-1 (Brandstä tter et al., 1999; F.S. and N. Brose, unpublished data) do not localphenotype in conventional synapses (Schlü ter et al., 1999), and the significance of the absence of synapsins ize to ribbons but only to the active zone. Together, these results suggest that ribbons are not composed of is similarly uncertain since expression of synapsin I in photoreceptor synapses does not alter synaptic transknown components but are assembled from a novel class of proteins specific for the ribbons. Understanding mission (Geppert et al., 1994) .
In contrast to the detailed knowledge about the morthe structure of ribbons will be necessary for insight into the mechanism by which these fascinating synapses phology, physiology, and overall protein complement of the terminals of ribbon synapses, little is known about prime vesicles for rapid continuous release. In addition, such understanding may provide clues to deciphering the composition of the ribbons themselves. Morphologically, synaptic ribbons have the appearance of a cygenetic diseases, since ribbon components would be (B) Amino acid sequences of human, rat, and bovine RIBEYE (identified on the left as hRE, rRE, and bRE, respectively) are aligned with the sequences of human CtBP1 and CtBP2 (hC1 and hC2, respectively; accession numbers P56545 and Q13363), Methanococcus jannaschii phosphoglycerate dehydrogenase (mPD; accession numbers U67544 and L77117), and a consensus sequence of D isomer-specific 2-hydroxyacid dehydrogenases (called DHcs on the left; from Goldberg et al., 1994). Residues in the RIBEYE sequences that are shared among at least two of the three species are highlighted in blue for the RIBEYE unique N-terminal domain (the A domain) and in red for the C-terminal domain that RIBEYE shares with CtBPs (the B domain). Since the C-terminal half of RIBEYE is identical with the entire sequence of CtBP2 except for the N-terminal 20 residues, only a single sequence labeled "hR/C2" is shown in the region corresponding to the RIBEYE B domain. In addition to the CtBP sequences, the C-terminal RIBEYE B domain is also aligned with an archibacterial phosphoglycerate dehydrogenase sequence, because RIBEYE is most homologous to this member of the D isomer-specific 2-hydroxyacid dehydrogenase gene family. A consensus sequence for enzymes of this gene family labeled DHcs is displayed below the RIBEYE, CtBP, and phosphoglycerate dehydrogenase sequences to highlight the conservation of the consensus sequence in RIBEYE and CtBPs. The residues that bind NAD ϩ in D isomer-specific 2-hydroxyacid dehydrogenases are highlighted with black background. The arginine (R), glutamate (E), and histidine (H) residues that are essential for catalysis in D isomer-specific 2-hydroxyacid dehydrogenases are identified by a yellow background. Peptide sequences obtained from purified synaptic ribbons from bovine retina are shown in italic green typeface. Sequences are numbered on the right. CtBP2 and RIBEYE are transcribed from independent promoters in the same gene in which the unique N-terminal sequences of each protein are included in a single 5Ј exon (exon 1), while their shared C-terminal sequences are encoded by eight common 3Ј exons (exons 2-9). The genomic organization of RIBEYE/CtBP2 was deduced from the sequence of clone RP11-114N8 (accession number AC013533). Exon 1 of CtBP2 encodes only its N-terminal 20 residues (underlined in 2B), whereas exon 1 of RIBEYE includes the sequence of the entire A domain of RIBEYE.
prime candidates for disorders that selectively affect body discovered serendipitously as an autoantibody (Schmitz et al., 1996) ( Figure 1A ). This antibody specifivision and hearing, for example in various forms of Usher's syndrome. In the current study, we have used largecally reacts only with ribbons on tissue sections but does not recognize a protein on immunoblots, possibly scale purification of synaptic ribbons from retina as an approach to identify ribbon-specific components. We because it reacts with a complex epitope or a nonprotein component of synaptic ribbons. Staining of the various report the characterization of a component of these ribbons, a protein which we refer to as RIBEYE, whose fractions revealed that synaptic ribbons are enriched in the crude ribbon fraction and that their purity is further unexpected structure suggests a pathway of ribbon evolution and whose properties give rise to a model for increased upon extraction with alkaline high-salt buffer ( Figure 1A) . Alkaline extraction appears to break the ribbon function.
ribbons into fragments without solubilizing them, as evidenced by the smaller average size of the immunofluoResults rescently labeled particles and as confirmed by electron microscopy (data not shown). The purification of ribbons Purification of Synaptic Ribbons In order to gain insight into the components that make by this procedure is consistent with the notion that synaptic ribbons are not membranous but are composed up synaptic ribbons, we biochemically purified a fraction enriched in synaptic ribbons from bovine retina. Purificaof a stable protein aggregate. Analysis of the purified synaptic ribbons by SDStion of synaptic ribbons is made difficult by their low abundance, elongated flat shape, and heterogeneity; as PAGE uncovered an coenrichment of a defined set of polypeptides with the ribbons ( Figure 1B) . However, the a result, little is known about their major components. We hypothesized that as electron-dense structures, ribbon purification procedure resembles methods for isolating cytoskeletal proteins, especially intermediate synaptic ribbons may resemble pre-and postsynaptic densities and also be detergent insoluble and resistant filaments that are insoluble in detergents or at alkaline pH. Since in retina the cytoskeleton is far more abundant to extraction with alkaline high-salt solutions. Therefore, we first isolated a crude ribbon fraction from bovine than ribbons, this raises the concern that some or all of the proteins purified in the ribbon fraction may in fact retina by sucrose-gradient centrifugation (Schmitz et al., 1996) and then extracted the ribbons in detergents with be derived from cytoskeletal impurities and not from actual ribbons. To identify proteins that are truly specific buffers containing 2 M NaCl and 0.1 M Na-bicarbonate at pH 11.0. These relatively harsh treatments were infor synaptic ribbons, we isolated a cytoskeletal fraction from brain (which contains virtually no ribbons) by extended to remove nonspecifically bound peripheral proteins. The enrichment of ribbons in the fractions and the actly the same procedure as that used for purification of ribbons from retina. Direct comparison of the most composition of the fractions were monitored by immunofluorescence microscopy with a ribbon-specific antipure, identically prepared fractions from retina and brain revealed that the majority of the proteins in the retina body ( Figure 1A ) and by SDS-PAGE followed by Coomassie blue staining ( Figure 1B) . and brain fractions are identical, supporting the suspicion that most of the proteins in the most pure ribbon Immunofluorescence staining of the various subcellular fractions was performed with a ribbon-specific antifraction are not specific for ribbons (lanes 6 and 7, Figure that is highly conserved in vertebrates (Figure 2) . The cDNA sequences were judged to be "full length" based on three criteria: (1) recombinant RIBEYE expressed by transfection in HEK293 cells had the same electrophoretic mobility as endogenous RIBEYE from bovine retina (data not shown), (2) the sequences of the human and bovine cDNAs contained multiple stop codons 5Ј to the proposed translation start site, and (3) the putative initiator codons in the cDNAs were preceded by Kozak consensus sequences.
Analysis of the human, rat, and bovine amino acid sequences of RIBEYE revealed that RIBEYE is composed of two parts, an N-terminal A domain (565 residues) and a C-terminal B domain (420 residues) ( Figure  2 ). Databank searches showed that the A domain is not significantly homologous to any currently described protein and is rather unremarkable except for a relative abundance of serine and proline residues. Surprisingly, however, the B domain was found to be identical to CtBP2, a nuclear protein that together with CtBP1 RIBEYE are each encoded by separate 5Ј exons, whereas their shared C-terminal sequences are contained within eight common 3Ј exons (Figure 3 ). The first 1A). This was confirmed by direct peptide sequencing exon of CtBP2 is 5Ј to the first exon of RIBEYE, which of some of the proteins, which identified GFAP, vimentin, is therefore located in the middle of the large first intron neurofilaments, internexin, tubulin, and actin ( Figure 1B) . of the CtBP2 gene. Since CtBP2 only has 20 residues We observed only two proteins that were enriched in the of unique sequence that are not present in RIBEYE, its ribbon fraction from retina but absent from the similarly first exon is relatively small. In contrast, the first RIBEYE isolated brain fraction, suggesting that these two proexon is large, since it codes for 565 residues. The fact teins are major components of synaptic ribbons. The that the A and B domains of RIBEYE and CtBP2 are first protein is a novel protein of ‫021ف‬ kDa (arrow in encoded by the same gene, in addition to the indepen- Figure 1B ) that we named RIBEYE in reference to the dent cloning of the RIBEYE mRNA from three different synaptic ribbon as the subcellular organelle in which it vertebrate species, provides evidence that the presence resides and the eye as the tissue of origin. The second of CtBP2 in the RIBEYE sequence is not a cloning artiprotein of ‫36ف‬ kDa was not identified based on partial fact. Interestingly, searches of the Drosophila and C. peptide sequences (data not shown) and was not studelegans genome sequences demonstrated that alied further.
though they each contain a CtBP homolog, no sequences with significant similarity to the A domain of Structure of RIBEYE RIBEYE could be detected (data not shown). The 5Ј To clone RIBEYE, we obtained partial peptide seintron in the vertebrate CtBP2 gene that contains the first quences from the protein purified with synaptic ribbons exon of RIBEYE (Figure 3 ) is absent from the Drosophila ( Figure 1B ) and used the sequences to isolate cDNA genome sequence. Thus, the generation of a protein clones by standard methods (see Experimental Procesimilar to RIBEYE by alternative promoters and 5Ј exons dures). In this manner, we determined the full-length in the CtBP gene is not possible in Drosophila, supportprimary sequences of rat, human, and bovine RIBEYE.
ing the notion that RIBEYE and retinal synaptic ribbons are an evolutionary innovation of vertebrates. These sequences predict a protein of 984-988 residues The structure of RIBEYE and its gene thus suggest ting ( Figure 5) . At the sensitivity level of the immunoblot shown, RIBEYE was highly coenriched with RIM in the that RIBEYE is a hybrid protein in which a preexisting protein (CtBP2) was joined to a novel N-terminal domain purified ribbons, whereas actin and munc18-1 were deenriched. We then performed immunofluorescence in order to create a fusion protein with a new function. This view is supported by RNA blotting and by immustaining of cryostat sections from bovine retina, showing that both RIBEYE antibodies intensely reacted with synnoblotting experiments with probes specific for the A and B domains of RIBEYE. mRNAs containing the A apses present at high density in the outer plexiform layer (OPL) and low density in the inner plexiform layer (IPL) domain were detected only in the retina, whereas mRNAs containing the B domain (which corresponds (Figure 6 ). The OPL is a narrow synaptic zone of the retina at which rod and cone photoreceptor cells generto CtBP2) were observed ubiquitously in most tissues, although at variable levels (data not shown). To confirm ate ribbon synapses with horizontal and bipolar cells (Sterling, 1998). The IPL is a broader synaptic zone comthis at the protein level, we raised independent antibodies to the A and B domains of RIBEYE. Immunoblotposed of ribbon synapses from bipolar cells and classical synapses elaborated by amacrine cells (reviewed by ting analysis showed that both antibodies recognized RIBEYE specifically as a single 120 kDa band in bovine Dowling, 1987) . In both synaptic zones, RIBEYE immunoreactivity exhibited a discrete punctate pattern. The retina but not in other tissues (Figure 4) gates. To test this hypothesis, we expressed full-length 10E). This result suggests that the A domain has an intrinsic ability to form aggregates, indicating that the RIBEYE and its A and B domains by transfection in HEK293 fibroblasts. Expression of full-length RIBEYE, A domain may function in the formation of stable ribbon structures, whereas the B domain may be exposed on either fused to a myc epitope tag or to enhanced green fluorescent protein (EGFP), resulted in the formation of the surface of the ribbons. large immunoreactive structure in HEK293 cells ( Figures  10A and 10B) To test this idea, we analyzed NAD ϩ binding to a of the ribbons is unclear, ribbon synapses have thus evolved as essential components of the two sensory recombinant glutathione S-transferase (GST) fusion pro- Figure 3) . Third, RIBEYE protein was identically detected with antisame proteins, and the same mechanisms seem to be used for fusion and Ca 2ϩ triggering. Therefore the same bodies to both domains at the size predicted from the cDNA sequences (Figure 4 and data not shown). Fourth, fundamental apparatus for mediating neurotransmitter release is probably used in ribbon and in conventional antibodies to both domains of RIBEYE localized the protein to synaptic ribbons (Figures 5 and 6 ). Fifth and chemical synapses, with the ribbons constituting the major difference. It is likely that the primary function of finally, RIBEYE is not detectable in the Drosophila and C. elegans genome sequences available in GenBank, the ribbons is to speed up vesicle traffic by serving as a conduit for synaptic vesicles. As a first step toward whereas CtBP is present in these genomes. The Drosophila genome contains only a single CtBP gene that an understanding of how ribbons perform this function, we have now partially purified synaptic ribbons and lacks an N-terminal intron at the position at which the human gene contains the first intron preceded by alterstudied one of their most abundant protein components, which we named RIBEYE.
native first exons and promoters for CtBP2 and RIBEYE. The structure of RIBEYE suggests a mechanism for Our data demonstrate that ribbons are composed of et al., 1998) . The model suggests that RIBEYE is a major component of ribbons in addition to other proteins, some of which are schematically indicated as inner-core protein. This protein may correspond to the second unique protein besides RIBEYE that was found in the biochemically purified ribbon fraction (Figure 1 
Acid Sequencing
prRE-9E10myc Encoding Full-Length Rat RIBEYE Fused Synaptic ribbons were partially purified from bovine retina essento the Myc Epitope in p9E10myc3 tially as described (Schmitz et al., 1996) . Briefly, bovine retinae were The ‫3.1ف‬ kb EcoRI-BglII and the ‫6.2ف‬ kb BglII-XhoI fragments of homogenized for 3 min on ice with an Ultraturrax Type TP 18/10 rat RIBEYE were cloned into the EcoRI and SalI sites of (Janke and Kunkel, Staufen Germany) in buffer A (15 mM Na 2 HPO 4 pCMV9E10myc3, resulting in a vector containing full-length rat [pH 7.4], 1 mM EGTA, 1 mM MgCl 2 , and 1 mM PMSF). The crude RIBEYE with an N-terminal myc tag. homogenate was layered on a 50% sucrose cushion in buffer A and pA-rRE-EGFP Encoding the A Domain of Rat centrifuged for 50 min at 15,000 rpm at 4ЊC in a JA20 rotor (Beckman, RIBEYE in pEGFP Palo Alto, CA). After dilution with a 2-fold volume of buffer A and The A domain of rat RIBEYE was PCR amplified with primers 6 subsequent spin at 20,000 rpm in a JA20 rotor, the washed mem-(CTAGAATTCTTTGCTCTGCCAATGCCGGTT) and 7 (AGTGGATC branes were loaded onto a linear sucrose gradient (35%-50% w/v CATACTTGGTTCTGGTGTTAGCATGG), and the product was cloned in buffer A) and centrifuged in an SW40 rotor at 13,000 rpm for 75 into the EcoRI and BamHI sites of pEGFP-N1 (Clontech). min. The OPL fraction was recovered at 40% sucrose and lysed pA-RE-9E10myc Encoding the A Domain of Rat with 1% Triton X-100 at a protein concentration of ‫1ف‬ mg/ml for 30 RIBEYE in p9E10myc min on ice. The Triton lysate was layered onto a sucrose step gradiThe 0.7 kb EcoRI-EcoRV insert fragment from rat RIBEYE and the ent (2 ml of 30%, 40%, 50%, and 70% sucrose [w/v] in buffer A) 1.0 kb EcoRV-BamHI fragment of pA-rRE-EGFP were cloned into and centrifuged at 11,000 rpm for 75 min at 4ЊC. The synaptic ribbon the EcoRI and BamHI sites of pCMV9E10myc3. fraction was recovered at the interface between 50% and 70% supB-rRE-EGFP Encoding the B Domain of Rat crose and further purified by extraction with 2 M NaCl in PBS or 2 RIBEYE in pEGFP-N1 M NaCl in 0.1 M Na 2 CO 3 (pH 11.0) for 15 min at 4ЊC followed by A ‫1ف‬ kb EcoRI fragment from an in vivo-excised ZAP cDNA clone centrifugation (15 min in an Eppendorf tabletop centrifuge at 14,000 of RIBEYE containing the B domain plus seven additional residues rpm). A fraction from bovine brain neocortex was prepared similarly.
preceeded by a Kozak consensus sequence was cloned into the Proteins present in the various fractions were analyzed by SDSEcoRI site of pCtermrRE-EGFP. The orientation of the cloned EcoRI PAGE, immunoblotting, and sequencing essentially as described fragment was analyzed by restriction with NotI. (Johnston et al., 1989) . For amino acid sequencing, bands were pA-bRE-GexKG recovered after SDS-PAGE from nitrocellulose blots, digested with
The cDNA of the bovine RIBEYE sequence coding for residues 107-trypsin, and subjected to Edman degradation in an Applied Biosys-209 was amplified by PCR, and the product was cloned into the EcoRI and XhoI sites of pGEX-KG. tems automatic peptide gas-phase sequencer.
pB-rRE-GexKG
fixed with 2% freshly depolymerized paraformaldehyde, 0.1% glutaraldehyde in PBS for 3 hr at 4ЊC were washed with PBS (six times, The complete B domain of the rat (Figure 2) (London resins) using benzil (0.5%) as a catalyst. Ultrathin sections (70 nm) were cut and collected on uncoated 100 mesh gold grids. using the DEAE-dextran transfection method as described (Ichtchenko et al., 1995) . Cells were incubated with the DNA-DEAE Sections were preincubated with 0.5% BSA in PBS, grids were transferred to primary antibody dilutions (antibodies to the A and B dextran complexes for 30 min at 37ЊC, treated with chloroquine (100 mM) for 3 hr at 37ЊC, and exposed to medium containing 20% domains of RIBEYE at a 1:2000 dilution in 0.5% BSA in PBS), and primary antibodies were detected by goat anti-rabbit secondary glycerol for 2 min at room temperature. Protein expression was analyzed 48-72 hr after transfection.
antibodies conjugated to 10 nm gold particles (Sigma). After extensive washing with PBS, immunogold complexes were fixed with 2.5% glutaraldehyde in PBS, and sections were contrasted with 2% Antibodies Antibodies against the bovine A domain (antibody name: Winden) uranyl acetate for 20 min at room temperature and analyzed either with a Zeiss EM 902 or with a Jeol JEM2010 electron microscope. and rat B domain of RIBEYE (name: U2656) were generated in rabbits as described (Johnston et al., 1989) , using the purified GST fusion Controls were performed by either omitting the primary antibody or using irrelevant mono-and polyclonal antibodies, e.g., monoclonal proteins encoded by pA-bRE-GexKG and pB-rRE-GexKG. Both antisera were used for immunofluorescence microscopy in a 1:500 diluand polyclonal antibodies against tubulin and the respective secondary antibodies. tion, for postembedding immunoelectron microscopy in a 1:2000 dilution, and for immunoblotting in a 1:5000 dilution. All other antibodies were described previously: autoantibody against synaptic 
